Future-generation cellular wireless systems, transporting high bit rates in non-ideal radio propagation environments, must be robust to severe frequency selective multipath. Further requirements include moderate terminal and base station hardware costs, high spectral efficiency, and scalability of the cost of terminals with respect to their maximum bit rate capabilities. Reconfigurable air interfaces, based on frequency domain transmission and reception methods, best meet these requirements, by adaptively selecting the uplink and downlink modulation and multiple access scheme that is most appropriate for the channel, interference, traffic and cost constraints. This approach also leads to a general unified framework for possible air interfaces.
Introduction-Requirements
Future-generation wireless access systems will be mostly IP packet-based and must provide satisfactory quality of service with respect to: bit and packet error rate, end to end and link delays, outage probability, packet loss and packet delay variation for different traffic classes.
Multimedia services with peak user bit rates ranging from a few Kb/s up to at least several tens of Mb/s are foreseen. Aggregate data rates will be on the order of 50 to 100 Mb/s, or even higher in hot spots [MLM02] , [KB02] , [ITU03] . Transmission will occur in varied radio propagation environments, with moving terminals, and with sharing of the radio spectrum by many user terminals. Future systems must use spectrum-efficient air interface technologies which can compensate for the severe frequency selectivity and other radio impairments, while keeping signal processing complexity within reasonable limits.
Spectrum availability for next generation broadband wireless services is presently uncertain. All wireless user terminals should be as efficient as possible in spectrum utilization. Efficient spectrum utilization may require cognitive radio operation, in which the transmitted signal bandwidth and center frequency or frequencies must be adaptively and dynamically adjusted in response to the current interference environment, shared by many user terminals and perhaps multiple service providers. Intelligent spectrum-sharing capability and context-awareness requirements will affect the air interface design, as well as dynamic resource allocation, scheduling and medium access control (MAC) design.
Reconfigurability in response to varying network and user requirements will be made possible by software defined radio technologies.
An important additional requirement is low cost: low terminal cost and power consumption for subscribers, high spectral efficiency and coverage, and ease of deployment for service providers. Concentrating as much signal processing as possible in the base station or access point, instead of the user terminal, is a step in this direction. The choice of modulation and coding schemes can significantly influence performance and cost for a given range of bit rates.
Terminal specifications should be scalable with respect to user bandwidth requirements. Simple user terminals may be limited to low bit rates, while more sophisticated user terminals will be able to employ the full range of bit rates on demand. The cost and complexity of terminals restricted to low bit rates should not be driven by the requirements and system architecture of high bit rate terminals. Systems should also be flexible with respect to duplex traffic symmetry or asymmetry.
In this White Paper, we outline a generalized multicarrier approach to link transmission, reception and multiple access for future-generation systems in Sections 2 and 3. This class of signals includes parallel modulation (such as OFDM, OFDMA, MC-CDMA, SS-MC-MA) and serial modulation (such as conventional single carrier, single carrier DS-CDMA, FDOSS). Common signal processing operations within this general class facilitate reconfigurability of the air interface in response to user requirements and the radio environment. Section 4 discusses bit error rate performance characteristics of parallel and serial modulated signals. Section 5 discusses spread spectrum (CDMA) signalling within these two main classes. In Sections 6 and 7, we consider the impairments of phase noise, frequency offset and power amplifier nonlinearities and their effects on these types of signals. Spectrum flexibility, including transmission over several disjoint sub-bands in a crowded spectrum, is readily achieved with frequency domain signalling, and is discussed in Section 8. Sections 9 and 10 complete the White Paper with brief discussions of further research issues and a summary, respectively.
Frequency Domain-Based Systems
In 100 Mb/s systems, with delay spreads of several s, the application of traditional time domain equalization methods would require prohibitively complex and high speed signal processing, since the intersymbol interference (ISI) could span hundreds of data bits. A better equalization performance/complexity tradeoff is obtained by doing transmission and reception operations on a block by block basis in the frequency domain, using discrete Fourier transform (DFT) processing, for which the signal processing complexity per bit increases only logarithmically with ISI span, when the DFT is implemented as a fast Fourier transform (FFT). Modulation and equalization schemes in which signal processing is done in the frequency domain include "parallel" schemes such as orthogonal frequency division multiplexing (OFDM) [CS00] , [VP00] and its variants [FK03] , and "serial modulation" schemes such as single carrier with frequency domain equalization (SC-FDE) [SKJ94] , [FAB+02] .
Since time domain cyclic convolution is equivalent to frequency domain multiplication of FFTs, equalization is carried out by a simple complex gain multiplication on each received subcarrier. It can be incorporated within the decoding process in coded OFDM. Coding and inter-or intra-block interleaving are essential for OFDM systems used on frequency-selective channels; the decoder sees the equivalent of a fast-fading channel, since each coded data symbol emerging from the equalizer has a different instantaneous signal to noise ratio (SNR), depending on the channel gain at its subcarrier frequency. Channel state information about the gain of each OFDM subcarrier is generally used in decoding, since it significantly enhances bit error rate performance. The coding/decoding process provides frequency diversity, which is essential for OFDM or OFDMA systems used on frequency selective channels.
Sequences of zeroes of the same length as the CP can replace the CP's separating successive blocks. This approach, called zero-padding [MDD+00] requires slightly more complex equalization, but has the advantage that nulls in the channel's frequency response do not hinder equalization. A further variation, called pseudo-random postfix [MCD+03] , [MDC+04] , [MCD04] , [MCM+05] replaces each zero sequence with a fixed sequence of training symbols multiplied by a pseudo-random rotation factor to avoid spectral peaks. The interspersed training sequences combine the functions of periodic channel estimation and prevention of inter-block interference. This combination reduces overhead. Equalization is similar to methods employed for zero-padding.
The CP overhead is eliminated completely in a scheme called OFDM/IOTA, [FP93] , [LJG02] . In it the data symbols are transmitted using offset QAM modulation, with filtering by a Gaussian-like waveform following the inverse FFT operation.
Serial Modulation Methods
Equalization in the frequency domain, using computationally-efficient FFT and inverse FFT operations, can also be applied to traditional serial modulation, or "single carrier" modulation schemes, in which data symbols are transmitted sequentially, with a high symbol rate, on a single carrier. In serial modulation systems with frequency domain equalization, the FFT operations are all done at the receiver: a FFT followed by simple independent equalization of each frequency component, followed by an inverse FFT to restore the equalized serial data stream [SKJ94] , [GDC+00] , [FAB+02] . As with parallel modulation, transmission is in blocks, separated by cyclic prefixes. In the conventional way of generating these signals, the blocks are sequences of low-pass-filtered coded data symbols, and the cyclic prefixes are formed by appending a copy of the final data symbols at the beginning of the block before filtering. The block and cyclic prefix lengths should obey the same constraints as for parallel modulation. Unlike OFDM, the decoder sees the equivalent of a fixed additive noise channel during a block. Frequency diversity is exploited by the averaging over the frequency band that is inherent in the equalization process.
As for OFDM, zero-padding can replace the CP's [WMS+02] . The need for the CP can be eliminated in serial modulated systems by transmitting data symbols sequentially, not in blocks, and using overlap-save frequency domain processing at the receiver [FA02] .
For both parallel and serial modulation, the received CP at the beginning of each received block is discarded, and FFT processing is done on each received block. Due to the influence of the transmitted CP, the received block appears to the receiver as if it were one period of a periodic waveform. This fictitious periodic waveform is equivalent to a multicarrier waveform consisting of subcarriers at frequencies which are at multiples of the reciprocal of the period. The multicarrier characteristic is obvious for OFDM and its variants. For serial modulation, the complex-valued samples modulating the virtual multiple subcarriers are revealed by the DFT operation at the receiver. Figure 1 shows a more general transmitter architecture which includes the aforementioned parallel and serial types of block transmission with cyclic prefixes. The inverse FFT block is preceded by a general matrix operation, which may also include spreading, a selection mechanism and/or an allocation to multiple transmitting antennas in a MIMO (multiple input, multiple output) or space-time code. This structure, called "generalized multicarrier CDMA" in [WG00] , can be specialized to OFDM, single carrier with frequency domain equalization (SC-FDE), and other frequency domain-based modulation and multiple access schemes. Recognition of this generalized structure can also be found in [FH97] , [BR02] , [WWN03] and [HPL+04] . We will call the initial matrix block the pre-matrix, and the corresponding class of signals generalized multicarrier (GMC) signals. The GMC architecture provides a general framework for air interface technologies that are applicable to next generation wireless systems. It also suggests a modular signal processing architecture which can be exploited to allow modulation and multiple access schemes to be changed dynamically in response to user requirements and the radio environment.
Generalized Multicarrier Signals
The structure envisages data being transmitted in blocks, separated by cyclic prefixes, zero-padding or PRP. The organization of data into blocks is carried out by the serial to parallel converter (S/P). Following the parallel to serial converter (P/S) after the inverse FFT, time-windowing may be applied to reduce the sidelobes of the transmitted spectrum. Figure 2 shows the details of the block labeled "matrix time-frequency selector" for several options to be described next. The space-frequency selector matrix maps M N input samples onto a desired set of frequencies, and also, if desired onto different antennas in a Low and high bit rate user signals can be multiplexed onto a common sequence of FFT blocks by allocating different numbers of time and frequency slots. FFT block lengths would be long -on the order of thousands of symbols -to accommodate both low and high bit rate users in the same frame.
If the pre-matrix includes a FFT matrix, the resulting transmitted signal is a block serialmodulated single carrier signal. In this case, the coded data symbols are denoted {a(m)}, and
is a bandlimited pulse waveform.
Traditionally, serial modulated signals are generated by multiplying a serial train of pulses by data symbols and filtering the result. The potential usefulness of the alternative structure of Figure 1 and equations (1), (2) and (3) to serial modulation comes through additional operations that may be done between the FFT and inverse FFT; examples are frequency domain filtering for spectrum-shaping, and distribution of FFT coefficients to a non-contiguous set of frequencies. Spectrum-shaping of both parallel and serial modulated signals can be effected by time-windowing the waveform s(k), or by filtering it.
The subcarrier frequencies
used by any given user may or may not be contiguous. A serial modulation and multiple access scheme sometimes called IFDMA [SDS98] or FDOSS (frequency domain orthogonal signature sequences) can be generated from Figure 1 , by mapping M FFT outputs from each of up to K users onto N c =MK frequencies as follows: user p (p=0,1,…K-1) is assigned to the frequency set {p,p+K,p+2K,…p+(M-1)K}. Each user thus occupies a unique set of M frequencies in an interleaved fashion; there is no inter-user interference, even for frequency selective channels. Furthermore it can be shown [FDL+03] , [FDM+03] that the resulting waveform from a given user is equivalent to a serial modulated waveform which results from re-arranging the order of the chips of a direct sequence CDMA (DS-CDMA) waveform with a spreading factor of K. It therefore has the low PAPR properties of serial modulated waveforms. This type of signal has been rediscovered and named a number of times. For example:
, VSCRF-CDMA (variable spreading and chip repetition factor CDMA) [GKA+03] , [MKH+03] and carrier interferometry OFDM (CI-OFDM) [WWN03] .
Reiterating, it is clear that "serial modulation" and "parallel modulation" signals, transmitted in block format, preceded by an adequate cyclic prefix, can be considered as special cases of the GMC signal format. The transmitted signal is equivalent to a sum of discrete frequency components, each modulated by data which have passed through the pre-matrix. The signal is furthermore organized in successive blocks, or frames, each preceded by a cyclic prefix. The main difference between the serial modulation and parallel modulation forms of GMC is in the presence or absence, respectively of the FFT operation at the transmitter in Figure 1 . Their transmitted waveforms differ in that their data symbols are transmitted serially and in parallel, respectively. [WG03] points out that more general complex-field coding operations are possible prior to the transmitter's IFFT operation, to create multicarrier signal classes with greater diversity gains than are possible with pure OFDM. The FFT operation is a special case of such a complex field code. As we point out later, the FFT operation significantly reduces the transmitted signal's instantaneous power dynamic range, and therefore the backoff required for a nonlinear power amplifier. Figure 3 shows the general receiver structure for GMC signals. The first element is a FFT operation, followed by a selector (or sampler) if necessary, and an equalizing frequency domain filter. For coded OFDM, the function of the equalizing filter can be subsumed within the soft decision decoding effort. The job of the equalizing filter is to scale each frequency component in amplitude and phase, either to completely compensate for the channel's frequency selectivity (as in the case of linear equalization), or to partially compensate for it (as for decision feedback equalization [FAB+02] , [BT02a] , [TVD+03] ). The linear operation after channel equalization depends on the transmitter's pre-matrix operation: detection and decoding for OFDM or OFDMA, a correlation operation for MC-CDMA, IFFT for serial modulation, etc. All the basic forms of GMC systems offer an overall (transmitter plus receiver) signal processing complexity which is approximately proportional to the logarithm of the maximum channel impulse response length. Pure time domain equalizer signal processing complexity typically would grow at least linearly or quadratically with impulse response length. For impulse responses spanning more than about 10 or 15 symbols, frequency-domain based systems offer a significant complexity advantage over their time domain counterparts. 
Bit Error Rate Performance of Parallel and Serial Modulated Systems
OFDM and OFDMA typically make use of powerful BICM (bit-interleaved coded modulation) schemes [CTB98] that exploit estimated knowledge of the signal to noise ratio at each frequency component. OFDM and OFDMA transmitters can also "adaptively load" subcarriers; i.e. to optimize the allocation of coded bits and power to each subcarrier, according to its channel gain or signal to interference plus noise ratio (SINR). OFDM or OFDMA systems with adaptive loading approximate the optimum "water-filling" prescription for frequency selective channels arrived at from informationtheoretic considerations [YLF93] , [ZK89] , [FH97] , [LVS03] . Adaptive loading requires feedback from the receiving terminal to the transmitter, and accurate tracking of time varying channel frequency responses. For time division duplexing (TDD) systems with slow channel variations, the downlink frequency response is available at the base station from frequency response estimation of the received uplink signal. Given such channel information at the transmitter, adaptive bit loading combined with adaptive coding and power allocation to the subcarriers give OFDM and OFDMA unrivalled flexibility and bit error rate performance on frequency selective channels [WCL+99] , [KH97] , [KLL03] .
In serial modulated systems, each data symbol is transmitted over the entire signal bandwidth. After equalization, each data symbol in a block thus sees essentially the same signal to noise ratio; the equalized channel appears to the decoder as an additive noise channel with a constant signal to noise ratio which is determined by the channel's fading and frequency selectivity characteristics and the equalizer's compensation of them. A coded modulation scheme tailored to additive white Gaussian noise channels is appropriate, for example pragmatic trellis coded modulation or turbo coding with symbol interleaving which is confined to one block. Figure 4 also shows that when bit error performance is measured against peak signal to noise ratio (where the peak amplitude per block is averaged over many blocks), SC-FDE is consistently superior to OFDM. In these performance results, the transmitted OFDM signal undergoes clipping and filtering to reduce its peak power. In effect, this comparison is between OFDM and SC systems which are using the same power amplifier with a fixed peak transmitted power output. The worse performance of OFDM is a consequence of the higher peak to average power ratio (PAPR) of the OFDM signal waveform.
Single-and Multi-carrier CDMA
A spreading pre-matrix (with M input symbols and MK output chips, where K is the spreading factor) produces the multicarrier CDMA (MC-CDMA) form of parallel modulated signals [FP93] , [YLF93] , [FK03] . All the chips from a given block of data can be transmitted in one IFFT block, in which case spreading is only in frequency, or they can be distributed among several successive IFFT blocks, in which case spreading is in both time and frequency. The latter case corresponds to signals with both serial and parallel transmission. Different users' data can be multiplexed onto different spreading codes, in which case spreading code chips can occupy both frequency and time dimensions. The serial modulated version of CDMA is direct sequence CDMA (DS-CDMA). It can be generated using the GMC system of Figure 1 and Figure 2 by including the FFT operation as well as the matrix spreading operation. MC-CDMA signals from multiple users with different spreading codes sharing the same frequency and time chip allocations suffer from multiuser interference. They use a frequency domain correlation receiver to suppress but not completely eliminate interference, or a multi-user detector receiver, which can eliminate multiuser interference. If MC-CDMA is used in the downlink path (base station or access point broadcasting to terminals), all the intra-cell interference arrives at a given terminal over a single radio channel; in this case multiuser interference can be removed relatively simply by the use of orthogonal spreading codes and the use of adaptive frequency domain equalization at the receiver, to restore the codes' orthogonality properties. However in the uplink, each user terminal's signal arrives at the base station over a different radio channel, and hence a single equalizer is not valid for all users. Individual frequency domain multiuser detectors can be employed, but their complexity increases significantly with spreading gain or number of interferers.
MC-CDMA systems can be an attractive alternative to pure OFDM systems because they can exploit antenna sectorization and spreading code orthogonality to achieve more efficient frequency reuse in cellular systems, and also because their resistance to multipath is enhanced by their spectrum-spreading [Kai98] , [Kai02] , [AAS03] . Moreover, MC-CDMA offers efficient multiuser detectors with reasonable complexity compared to DS-CDMA, including iterative Turbo detectors with soft interference cancellation [KH97] . The MC-CDMA signal design allows the spreading factor to be much smaller than the number of subcarriers, which in combination with frequency interleaving gives high diversity gain at reduced receiver complexity. This flexibility is known as "M&Q" modification [FK03] . However in situations where multiuser intra-cell interference is problematic, systems such as OFDM, OFDMA, SS-MC-MA or FDOSS may be preferable since they avoid multi-user interference [MKH+03] , at the expense of somewhat reduced multipath immunity. In an interference environment, the multiuser interference robustness of FDOSS signals more than compensates for their diversity loss. The problem of interference from adjacent cell uplink FDOSS signals can be solved by optimal spatial combining at the base station and/or by applying direct sequence spreading to the data symbols before FDOSS transmission [GKA+03] .
2) SS-MC-MA combines the advantages of OFDM and spectrum spreading. As with FDOSS, multi-user interference is avoided and channel estimation and detection are simplified. The used subcarriers per user are reduced compared to MC-CDMA, which reduces the diversity gain. However, due to frequency interleaving, the achievable diversity gain is still the spreading code length. The PAPR is higher in the uplink than with FDOSS but less than with MC-CDMA since fewer subcarriers are used. The resistance to inter-cell interference with SS-MC-MA is comparable to that of MC-CDMA.
Zero Padded OFDM (ZP-OFDM) and Pseudo-Random-Postfix OFDM (PRP-OFDM)
The ZP-OFDM modulation scheme has been studied in [MWG+02] , [Gia97] . The idea is to replace the guard interval sequence of CP-OFDM by a zero padding sequence of identical length. With the same transmission scheme, several different equalization approaches are possible in the receiver [MWG+02] ranging from low complexity/medium performance (Overlap-Add based) to high complexity/high performance (MMSE based equalization). In particular, [MWG+02] demonstrates that (in contrast to CP-OFDM) symbol equalization is possible even if frequency domain channel nulls fall onto data carriers. However, ZP-OFDM still requires channel estimates which are typically obtained by learning symbols and/or pilot tones.
The PRP-OFDM modulation scheme has been studied in [MCD+03] for the singleantenna context and in [MDC+04] for the multiple-antennas context. The idea is replace the zero-sequence of ZP-OFDM by a pseudo-randomly weighted deterministic sequence [MDC+04] . These weighting factors prevent any signal stationarity and thus spectral peaks. This is desirable, since in the presence of frequency selective fading the spectrum should be as flat as possible -otherwise, the system performance would depend on the band affected by the fading.
[MCD+03] demonstrates that PRP-OFDM keeps all advantages of ZP-OFDM: different equalization approaches are possible in the receiver ranging from low complexity/medium performance (Overlap-Add based) to high complexity/high performance (MMSE based equalization). Also, symbol equalization is possible even if frequency domain channel nulls fall onto data carriers. Additionally to these features, PRP-OFDM allows simple channel estimation and tracking based on the deterministic postfix sequences: A first idea consists in exploiting that the OFDM data symbols are zero mean; a simple mean-value calculation is sufficient to extract the postfix sequence convolved by the channel [MCD+03] . The channel itself is extracted by de-convolution. [MCM+05] demonstrates that such an approach must be refined in practice if higher order constellations are used (QAM64 and higher). Since the postfix sequence and the CP-OFDM guard interval are of same power and duration as the guard interval of CP-OFDM, a higher spectral efficiency can be obtained; in particular, the typical overhead in terms of learning symbols and pilot tones for CP-OFDM is avoided.
PRP-OFDM typically is a suitable choice if the target application requires: i) a minimum pilot overhead; ii) low-complexity channel tracking (i.e. high mobility context) and iii) adjustable receiver complexity/performance trade-offs (available due to the similarities to ZP-OFDM) without requiring any feed-back loop to the transmitter.
OFDM/OffsetQAM (OFDM/OQAM) and IOTA-OFDM
OFDM/OffsetQAM is an alternative to conventional OFDM modulation. Contrary to it, OFDM/OQAM modulation does not require the use of a guard interval, which leads to a gain in spectral efficiency. Although a guard interval is a simple and efficient way to combat multi-path effects, better performance can be reached by modulating each subcarrier by a prototype function. To obtain the same robustness to the multi-path effects as OFDM with a guard interval, this prototype function must be very well localized in both the time and frequency domains. The localization in time aims at limiting the inter-symbol interference and the localization in frequency aims at limiting the inter-carrier interference (e.g. due to Doppler effects).
The orthogonality between the sub-carriers must also be maintained after the modulation. The optimally localized functions having these properties exist but only guarantee orthogonality on real values. An OFDM modulation using these functions is denoted OFDM/OffsetQAM. We can note that in OFDM/OQAM, each sub-carrier carries a real valued symbol but the density of the sub-carriers in the time-frequency plane is two times greater in OFDM/OQAM than in conventional OFDM, also called OFDM/QAM, with no guard interval.
A particular prototype function called IOTA (Isotropic Orthogonal Transform Algorithm) is discussed in [FAB95] . By construction, the IOTA function has the same shape in both time and frequency domain. We typically call IOTA-OFDM an OFDM/OQAM system using the IOTA function. As stated before, with IOTA-OFDM real valued symbols are transmitted at twice the rate of conventional OFDM in the case of no guard interval inserted between the symbols [JDL+04] .
Effect of Phase Noise and Frequency Offsets
Frequency offset and phase noise are impairments to the received signal that result in inter-carrier interference for parallel modulated systems (OFDM, OFDMA and MC-CDMA) [PVM95] , [RK95] , [SMS98] , [RK99] , [SM01] [TLP00]. These impairments are especially significant for uplink signals from multiple users with different local oscillators. For OFDM, OFDMA and MC-CDMA, the degradation from a frequency offset f is approximately proportional to (N c f) 2 , where N c is the number of subcarriers [PVM95] . Clearly the sensitivity of parallel modulated systems to phase noise and frequency offset increases with the FFT block length N c . There exist receiver signal processing techniques for OFDM systems to counter frequency offset and phase noise, but they are relatively complicated, since they involve mitigation of frequency domain intersymbol interference [Arm99] , [LBM+04] .
For serial modulated systems, relatively less degradation results from frequency offset and phase noise (proportional to f 2 ) [PVM95] ]. In these systems, a constant frequency offset just produces a slowly linearly increasing or decreasing phase shift over the received sequential data symbols. There is negligible additional intersymbol interference. The slow phase shift variation is easily estimated by simple decision-directed techniques, and removed at the receiver prior to detection.
Power Amplifier Efficiency
Power amplifier efficiency is important since the power amplifier usually constitutes a substantial portion of the cost of a wireless user terminal, and power amplifier cost rises very sharply with peak power rating. Peak output instantaneous power exceeding a power amplifier's linear range causes significant spectral regrowth, and bit error rate (BER) degradation resulting from nonlinear distortion. Since a transmitted parallel modulated signal consists of many parallel modulated subcarriers, it has a significantly higher peak to average power ratio (PAPR) than a comparable serial modulated signal. As a result, parallel modulated systems require several dB more power backoff and more expensive power amplifiers than do comparable serial modulated systems for the same average power output [SG01] , [CND+01] . For given power amplifier the larger the power backoff, the lower the cell coverage. This power backoff penalty is especially important for subscribers near the edge of a cell, with large path loss, where lower-level modulation such as BPSK or QPSK modulation must be used. Recall from Figure 4 that bit error rate performance is evaluated as a function of the peak bit energy to noise ratio, averaged over an ensemble of channels, coded SC-FDE is consistently superior to coded OFDM over a wide range of code rates and QAM constellation sizes [MG01] . In effect, this comparison is between parallel and serial modulated systems which are using the same power amplifier with a fixed peak transmitted power output.
In practice it is usually found that the power amplifier nonlinearity has a more critical effect on the re-growth of power spectrum sidelobes than on bit error rate performance. In other words, at levels of nonlinearity which significantly affect spectrum sidelobes, the effect on received bit error rate performance is negligible. This is especially relevant when spectral masks permit only very low out of band sidelobes. Figure 6 shows examples of the instantaneous to average power ratio (IAPR) distributions for single-user OFDMA and serial modulated signals transmitted in the uplink. N c is 2048, M N is 256. The waveforms were generated using expression (1). No explicit PAPR-reduction schemes were applied (unless the extra FFT operation in serial modulation is thought of a PAPR-reduction scheme for OFDMA). Spectral sidelobes were reduced by applying a 6% raised cosine time window to each waveform. It is clear that the serial modulated waveform has a significantly lower dynamic range than the corresponding OFDMA waveform. This implies that the serial modulated waveform will require a lower power backoff at the input of a nonlinear transmitter power amplifier. For example, Figure 7 shows the power spectra of the two waveforms at the output of an amplifier whose nonlinear characteristic is modeled by a AM/AM conversion Rapp model [Rap91] , with parameter p=2. The power backoffs of the two types of waveforms are adjusted to just conform to an ETSI 3GPP power spectrum mask. In this example the serial modulated waveform requires 2.6 dB less backoff than the OFDMA signal.
Neighbouring user spectra may be received with large power variability due to differing path losses. Avoidance of adjacent channel interference then requires rather stringent spectral masks. For example, allowable interference to adjacent-frequency receivers is usually specified in terms of maximum interference power at a certain difference and at a certain frequency offset from the interferer's carrier [WCA03] . Under typical transmitted power and path loss conditions, this may imply spectral masks with as much as 40 to 60 dB of attenuation of transmitted spectrum sidelobes at a normalized frequency offset of 1. There are signal processing or clipping techniques for reducing the PAPR and spectral regrowth of parallel modulated systems. These include selective mapping and partial transmit sequences [CS00] , [MH97a] , [MH97b] , [ZKT04] ; reference signal subtraction [LR99] ; coding [JWB94] , [JDL+04] , [JW96] ; and clipping and filtering [Arm02] , [DG03] , [Och02] . All of these approaches entail extra signal processing complexity, especially at the transmitter; they may also require extra overhead signaling or redundant symbols, and can also degrade performance and bandwidth efficiency [LC98] , [VKS01] . It can be shown that for the GMC transmitter of Figure 1 , with symbol rate sampling, minimum PAPR is achieved if the pre-matrix and IDFT matrix combine to form an identity matrix. That is, the pre-matrix should be a DFT, and the transmitted signal should be a serial modulated [GR02] .
The transmitted serial modulated signal is still in the form of equation (1), and hence can also be considered a "multicarrier" signal. However, as we have seen, using the DFT as in (2) reduces the signal's dynamic range. Thus the DFT operation which creates a serial modulated signal can also be considered as a linear PAPR-reduction operation on an OFDMA signal. Furthermore, it is a very simple operation, in comparison to alternative linear operations such as selective mapping and partial transmit sequences, and requires no side information to be transmitted.
The backoff and power amplifier efficiency are less important issues for the downlink since the cost of the base station power amplifiers is shared among many terminals. Also, since the base station usually has to transmit many signals simultaneously through a common power amplifier, the resulting PAPR will be high regardless of whether individual downlink signals are serial or parallel modulated. However the power amplification issues can significantly influence the cost of the wireless subscriber unit. Thus a very sound air interface approach in cellular systems is to use serial modulation in the uplink (with or without CDMA) and parallel modulation in the downlink [GDC+00], [FAB+02] , [FDM+03] . The main virtue of serial modulation for the terminal to base link is the lower peak power of its transmitted waveform and lower required power backoff.
The peak transmitter power requirement of a mobile terminal is also influenced by the multiple access method. Possible uplink multiple access methods, with comparable spectral efficiencies, include TDMA, CDMA, and FDMA, or combinations of them. Pure TDMA requires that all terminals transmit at the same high aggregate bit rate and with the same high peak power. This places a severe cost penalty on terminals that only need to transmit uplink at very low bit rates. CDMA and FDMA are preferable to pure TDMA since they allow each terminal's peak power, as well as its average power, to be proportional to its bit rate.
Spectrum Flexibility
A useful feature of GMC signals generated as in Figure 1 and Figure 2 is their flexibility to shape the transmitted spectrum to occupy any segment or segments of the frequency band, by means of the selector matrix shown in Figure 2 . For example, if the transmitted spectrum is required to fit in a single band of width M N , starting at frequency f 1 , the selector distributes the . A 1 is mapped onto frequency set F 1 , and A 2 is mapped onto frequency set F 2 . The signal waveform is then generated from the N c -point inverse DFT of the resulting block of data symbols and zeros, where we have defined M 0 =0. If more than one user's signal is to be frequency-multiplexed in the downlink, each user's signal would occupy a disjoint set of frequency sub-bands and be generated in this way. This generalizes in an obvious way to more than two sub-bands whose aggregate bandwidth exceeds M N .
Thus a cognitive radio system [FCC03] can characterize potential interference in time and frequency, and dynamically configure its transmitted spectrum by appropriate selection of frequencies to carry the coded data symbols for a given user [HNM+04] . If the signal, with cyclic prefix, is considered as being periodic, with period N c , it will have a line spectrum
The actual transmitted spectrum will be this line spectrum convolved with the Figure 9 shows an example of a multi-band signal's line spectrum, with S sub-bands. and (8) Expression ( 7) represents a rotated complex data symbol. Expression (8) represents a sampled pulse waveform, similar to a modulated sinc pulse. Thus the waveform expression (6) represents the sum of S complex single carrier waveforms, up-converted by the frequencies {f i }. For relatively small values of S, like 2 or 3, its peak to average power ratio will be significantly less than that of a corresponding multi-band OFDMA signal, which is the sum of M N complex exponential waveforms.
For both OFDMA and serial modulation, essentially the same multi-band average power spectra will be produced. Figure 10 illustrates the average power spectra for serial modulation and OFDMA for two sub-bands, with M N =256 data symbols within a total bandwidth of N c =2048. The other parameters for this figure are f 1 =589, M 1 =103, f 2 =1390 and M 2 =M N -M 1 = 153. Note that the OFDMA and serial modulation spectra are almost identical. The spectrum flexibility feature of GMC signals also allows a base station to transmit to low cost, low data rate user terminals that have limited receiver bandwidths. Such a terminal would use the same DFT block duration as that of the transmitted signal, but extracts from it, equalizes and decodes only the portion of the frequencies in the block that are relevant to it.
Some Issues for Further Research
The impact of the proposed mixed mode on the MAC (medium access control) layer and resource allocation needs to be investigated. For example, feedback information must be exchanged for adaptive modulation, power control, synchronization, parameter control for coding, modulation and antennas. Mobile systems' MAC should be modified to take into account the higher expected mobility and rate of channel change in future mobile broadband systems. Also a more detailed study should be made of means to accommodate, within a common allocated frequency band, user terminals with vastly different bit rates; e.g. many small embedded devices sporadically transmitting and receiving say a few hundred bits per second, coexisting with 1, 10 and 100 Mb/s terminals.
Efficient frequency domain parameter estimation methods using training words and/or pilot tones are known for OFDM [HKR97] , [LCS98] , [Li02] and SC-FDE systems [FAB+02] .However high bit rates and multipath delay spreads call for large FFT block lengths; there is then a question of the ability of receivers to estimate and track the resulting large number of frequency domain parameters and Doppler shifts over rapidly time varying channels. Investigations should include adaptation using training and blind adaptation as well as the use of unique words (UW) for channel tracking. Since the UW is known at the receiver it can effectively be used for tasks like synchronization (carrier frequency, clock frequency, etc.), channel estimation, and preventing the error propagation in the DFE [TVD+03] , [WMS+02] . The CP can be replaced by a short time domain training sequence, which is processed and extrapolated in the frequency domain to estimate the required equalizer frequency domain parameters [FAB+02] , [WMS+02] .
In this document we have focused on block transmission schemes using frequency domain processing at the transmitter or receiver, and with cyclic prefixes at the beginning of each block, to avoid inter-block interference and to simplify frequency domain filtering with DFT's. Other frequency domain processing methods can be used for systems which do not organize data in blocks separated by cyclic prefixes. The motivation is to eliminate the CP overhead or to achieve compatibility with legacy systems which did not use CP's. For serial modulated SC-FDE systems, overlap-save processing can be used [FA02] . OFDM systems without the CP have also been proposed [LGA01] .
Summary and Recommendations
We have proposed generalized multicarrier (GMC) signaling as a common framework for future generation wireless systems which must accommodate a very wide range of user bit rates with low cost and high reliability in a difficult, spectrally crowded radio environment. Within this framework, adaptive, reconfigurable transmission techniques are desirable, including not only power and bit rate, but also spectrum occupancy and the choice of the modulation and multiple access/multiplexing scheme itself. For example, downlink parallel modulation together with uplink serial modulation is a good configuration when user terminal power efficiency is a major issue. Flexibility for multiband operation is also relatively easy to achieve for GMC signaling.
The proposed GMC modes are quite compatible with MIMO and space diversity, and also with spectrum spreading. A number of variations of OFDM and SC-FDE are useful, such as OFDMA, MC-CDMA and FDOSS.
